Distortion and fatigue are both important criteria for evaluating carburizing and quenching process. An optimized process was proposed to reduce distortion and improve fatigue strength simultaneously. Mild steel 20MnCrS5 were heat treated using standard condition and optimized condition respectively. The microstructure, hardness, residual stress, domain size, fatigue performance and crack growth rate with different conditions were studied. Due to carburization, the near surface of the materials have different microstructures with different carbon concentration. The carburized layer, subsurface layer and central layer were selected to prepare the fatigue specimens and to be evaluated. The strengthening effect was verified by comparing the fatigue limit and the crack growth rate. The strengthening mechanism was analyzed by comparing microstructure, retained austenite, residual stress and domain size. The results show that with the optimized condition the fatigue performance at different layers are improved while achieving higher surface hardness. The joint action of domain refinement, more compressive residual stress and less retained austenite results in the strengthening.
INTRODUCTION 
Since failure caused by repeated loading accounts for at least half of all mechanical failures, the fatigue performance is prime importance for the materials, which are subject to cyclic loading [1, 2] . Carburizing and quenching process is widely used in industry, as a method of surface hardening technology to obtain improved mechanical properties and fatigue strength of mechanical components, such as gears, shafts and so on [3 -5] . The main advantages of carburizing are that they can achieve high surface hardness, compressive residual stress and good toughness at the core, which can effectively improve the surface strength, wear resistance and fatigue strength of the steel [6 -8] .
It is well known that many performances can affect the fatigue resistance of carburized parts. One of the important performances is the distribution of residual stresses [9] . The compressive residual stresses counteract the applied tensile stresses and therefore improve the fatigue performance. The ideal hardness distribution shifts the failure initiation point transfer from the core to the surface. Therefore, in order to obtain maximum gain in fatigue resistance, the hardness distribution should be kept in a certain range depending on the thickness and size of the specimen [10] . Core microstructure is also one of these performances. Lower carbon content of core increases the fatigue resistance, particularly due to the enlarged compressive residual stresses at the surface, compared with the cases of higher carbon content [11] . The refinement of austenitic grain size is also one of these performances, which results in a fine martensitic structure and/or reduced size and density of micro cracks in the structure produce better fatigue resistance [12, 13] . Many factors such as carburizing time and temperature during the various stages of a carburizing process affect the performance above [14, 15] . It is necessary to determine the relationship between the carburizing process factors and the material performances.
In this research, an optimized carburizing and quenching process is proposed to improve fatigue strength of 20MnCrS5 steel. The strengthening mechanism is analyzed by comparing microstructure, retained austenite, residual stress and domain size.
EXPERIMENTAL PROCEDURE

Heat treatment process
Increasing the carburizing temperature and carburizing time will reinforce the carburizing effect but increase domain growth and distortion. On the other hand, insufficient carburizing depth and surface carbon phenomenon occurs with low carburizing temperature and short carburizing time [16, 17] . Therefore, the method of carburizing with high-carbon potential and low temperature diffusion is used to solve this contradiction. Heat treatment condition A shown in Fig. 1 a is a standard carburizing and quenching process which is often used. Heat treatment condition B shown in Fig. 1 b reduces carburization time and increases diffusion time. It is summarized from the previous optimization work it can achieve minimal distortion [18] . 
Material and preparation specimens
A finite element program called COSMAP is developed to predict the temperature field, carbon diffusion, phase transformation, hardness and residual stress during carburizing and quenching process [19] . The size of the specimens is 50 mm × 50 mm × 80 mm. The total nodes and elements of model are 9261 and 8000, respectively. Fine meshes concentrate on the surface of the specimen and are used to improve the calculation accuracy where there are steep thermal, stress and carbon gradients.
The chemical compositions of the 20MnCrS5 steel is shown in Table 1 . The results of the simulation at surface and cross section are shown in Fig. 2 . The distribution gradient of the carbon content from surface to the core due to the carbon diffusion can be observed. At the surface, the carbon content reaches 0.75 %. Inside the specimen, the carbon content still keeps low. In addition, the carburizing depth is about 800 μm. The differences of the carbon content from surface to core after carburizing process has a great effect on the phase transformations and result in martensite layer with a high hardness. The distribution gradient of the hardness and residual stress from surface to the inside can also be observed. According to the results of simulation, the carburized layer, subsurface layer and central layer are selected as representative parts to be sliced from the specimens as shown in Fig. 3 . 
RESULTS AND DISCUSSION
Microstructure
The cross section of the specimens was first grounded and polished and then the surfaces of the microstructure observation points are eroded with a solution of 4 % HNO3 + 96% C2H5OH, the microstructures at different depth from the surface are finally observed by OM.
The measured results show good agreement with the simulated results. As shown in Fig. 4 a and Fig. 4 b the microstructure of carburized layer after carburizing and quenching are mainly acicular martensite, retained austenite and fine carbide particles. It can be observed that Fig. 4 b has finer microstructure and less retained austenite. Since the diffusion time of condition B is increased, it facilitates the precipitation of carbon in the retained austenite with the form of carbide. It caused a decrease in the stability of the austenite, which was beneficial to the transformation of the retained austenite. Hence, the decrease of the retained austenite led to a harder surface. As shown in Fig. 4 c and Fig. 4 d, the microstructure is to form pearlite structure at central layers. Besides the pearlite structure, small portions of other phases, such as bainite are present. They can retain the strength and toughness of the core. It can be considered that the microstructure with condition B is more beneficial to improve the wear resistance and fatigue strength than that by using the conventional way.
Surface hardness
In order to investigate the distribution of the hardness, Vickers hardness is measured of the specimens with different heat treatment conditions. The test force is selected at 49 N. Each result is the average value of three measurements.
The hardness distribution of specimens with different conditions is shown in Fig. 5 . The measured results show good agreement with the simulated results. The carburizing and quenching processes increase the hardness to meet the requirement for carburizing and quenching production.
As is well known, the retained austenite is inversely proportional to the hardness [20] . Hence the hardness with condition B is higher due to the smaller volume fraction of retained austenite although it is theoretically estimated that the carbon content of the condition A is higher. 
Residual stress
Residual stresses at the surface of the specimens are measured using the X-ray diffraction stress analysis [21] . A diffractometer (Rigaku PSPC/MICRO stress analyzer) is used to produce Cr-Kα X-ray radiation at a voltage of 30 kV and an electric current of 30 mA. The instrument uses a collimator with a diameter of 0.2 mm.
The measuring point of residual stress is close to the notched tip. The directions of measurement are X direction, which are also shown in Fig. 3 .
The residual stress distributions in the near surface layers of the test specimens are shown in Fig. 6 . The measured results show good agreement with the simulated results. It can be observed that the maximum of the compressive residual stresses is about 200 μm under the surface of the specimen and the value is about -560 MPa. With increasing depth, the compressive residual stresses are decreased gradually. The depth of the compressive residual stress zone is up to 2000 μm. It can be conclude that the residual stress of carburized layer and subsurface with condition B are both greater than that with condition A. It can be considered that more compressive residual stress with condition B is more beneficial for improving the fatigue strength than that by condition A. 
Domain size
According to the integral breadth of ferrite {211} peak, domain size is obtained via Voigt method [22, 23] . The relationship of measured profile, the structurally broadened profile and the instrumental profile is shown in Eq. 1.
where ℎ , and denote the Cauchy components half width of measured profile, the structurally broadened profile and the instrumental profile respectively. ℎ and denote the Gaussian components half width of measured profile and the instrumental profile respectively.
After deconvolution, domain sizes ( ) is calculated via the following formulas. The Scherrer equation can be written as:
where is the diffraction angle and is the wavelength of the incident X-ray. The diffraction pattern with different conditions in the case of X-ray incident angle = 0° is depicted in Fig. 7 . The domain sizes of the specimens with different conditions are shown in Table 2 . It can be proved that the heat treatment process can refine the domain of the specimens and optimized condition can obtain finer domain. It can be considered that condition B with smaller domain size is more beneficial to improve the fatigue strength than condition A. 
Fatigue behavior
The test specimens with various states (original, the carburized layer, subsurface layer and central layer) were tested completely in tension-tension mode at the room temperature until fracture. In this study, load control (R = Smin/Smax = 0.1) using a sinusoidal waveform at 10 Hz is conducted for all testing. A Shimadzu servo-hydraulic fatigue test machine (15 kN force and 25 mm displacement capacities) with in situ observation by JSM-5410LV scanning microscope was used for all testing.
The fatigue limit of the specimens with different conditions are shown in Fig. 8 . Comparing with the fatigue limit of original microstructure, it can be proved that the fatigue limits of different layers of specimens with heat treatment are improved with different extents. After carburizing and quenching, the fatigue strength of the central layer is better than that of the subsurface layer and the fatigue strength of the subsurface layer is better than that of the carburized layer. This is because of the different microstructure distribution shown in Fig. 4 . Comparing with condition A, the condition B has a greater improvement of fatigue strength all in carburized layer, subsurface layer and central layer. Based on previous analysis, it proves that the joint action of microstructure, domain refinement and compressive residual stress results in the strengthening mechanism. a b Fig. 8 . S-N curves of the specimens with heat treatment conditions: acondition A; bcondition B
Fatigue crack growth
The SEM photographs of crack length with different cycles are shown in Fig. 9. Fig. 9 a is the crack of the initial stages with 977857 cycles, and Fig. 9 b is the crack of the late stages with 1029507 cycles. Crack length versus number of fatigue cycles for carburized layer with 500 MPa stress level is shown in Fig. 10 a. In order to characterize the crack growth behavior, the stress intensity range ΔK and the crack length per cycle da/dN were computed, and the crack growth rate curves are plotted in Fig. 10 It is because the residual stress of specimen with condition B is larger and the domain size is smaller. It is noteworthy that when the legth of crack is 200 μm, the crack growth rate becomes slower. This is because the maximum of the compressive residual stresses is about 200 μm under the surface of the specimens. It is verified that the compressive residual stress has a great influence on the fatigue performance.
As shown in Fig. 11 a and Fig. 11 b, since the residual stress of specimen is larger, it can clearly be seen that the condition B tends to delay initiation of crack, and the crack growth life increased by 100 percent. Combining previous analysis, it is verified that the compressive residual stress and domain refinement have a great influence on the fatigue performance.
As shown in Fig. 12 a and Fig. 12 b, since the residual stress is almost the same, the crack is simultaneously generated. It can be proved that crack growth rate with condition B is slower due to domain refinement.
In summary, it proves that the joint action of domain refinement and compressive residual stress results in the strengthening mechanism of carburized layer and subsurface. The domain refinement results in the strengthening mechanism of central layer. The fatigue strengthening effect with condition B is better than that with condition A. 
CONCLUSIONS
The fatigue life of carburized parts is great significance for the engineering design. In the present work the improvement of fatigue performance and strengthening mechanism with different conditions are discussed in detail. The following conclusions can be drawn as: 1. It is proved that the fatigue performance of different layers of specimens with heat treatments are improved with different extents. The optimization condition has better reinforcing effect; 2. Condition B results in higher compressive residual stress, smaller domain size and less retained austenite; 3. The surface hardness with condition B is higher due to the smaller volume fraction of retained austenite; 4. The joint action of domain refinement, compressive residual stress and microstructure result in the strengthening mechanism of fatigue performance. Where, the joint action of domain refinement and compressive residual stress results in the strengthening mechanism of carburized layer and subsurface layer. The domain refinement results in the strengthening mechanism of central layer. 
